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REPORT SUMMARY

This study provides an overview of water and wastewater management practices in the U.S.
process industries. The focus is on the chemical and petroleum industries. It covers end-of-pipe
treatment, as well as water reduction and zero discharge, since these practices evolved from end-
of-pipe practices. The resulting report is a comprehensive reference developed to help utilities
and energy service providers understand and focus their efforts on good business opportunities in
this energy-intensive business segment.

Background
Water intake by U.S. industry is over 102 billion liters (27 billion gallons) per day. Industrial and
commercial facilities discharge over 68 billion liters (18 billion gallons) of wastewater daily to
surface waters or sewage systems. According to the U.S. Bureau of Census, capital expenditures
by the manufacturing facilities for pollution abatement exceeds $7 billion annually. Of this total,
over $3 billion or over 42 percent, is spent on pollution abatement of wastewater and waste
solids. Operating costs related to pollution abatement exceed $17 billion annually. Nearly
15 percent of this amount, over $2.5 billion, is spent for fuel and electricity purchases.

Objectives
•  Provide a comprehensive reference which identifies and characterizes current and potential

future water and wastewater management technologies in the process industries

•  Scope out opportunities for business development for utilities and energy-service providers

Approach
The project team accessed published information, utilized in-house information and expertise,
and telephoned contacts. They had knowledge of the process industries, wastewater problems,
and current and emerging solutions. This knowledge allowed the project team to identify existing
and emerging technology growth areas and generic and specific business opportunities.

Results

The nature of this part of the process industries, important issues, what drives utility customers in
this area, utility customer logic, and a number of near-term and longer term opportunities were
identified.

The chemical industry is very cyclical due to periodically over building capacity, the petroleum
refining industry profit margins are very stable (but only about $0.5/BBL for many years, due to
competition and environmental compliance costs), and the oil production industry is cyclical due
to periodic over production on a worldwide basis. Capital and manpower is very shot in these
industries.
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Some key water issues are the increasing cost of intake water and end-of-pipe treatment. This has
been temporarily held in check by increased recycle, and using easy solutions, such as air
cooling whenever economically feasible. That has resulted in high salt content streams, and only
more difficult problems being left to be solved. Therefore, industries which have traditionally
favored non-electric solutions may now be more receptive to electrotechnologies. This suggests
the following opportunities:

•  Perform Water Pinch studies which will not only assist your customers but will promote
electrotechnologies

•  Educate your customers through publications and workshops, using these occasions to
uncover opportunities for water pinch, demonstration projects, and business opportunities

•  Operate water management facilities as a business profit center

The following existing and emerging technologies look promising and should be considered for
support:

•  Vapor Electric Compression Evaporation—a major key for achieving zero discharge

•  Freeze Concentration—a niche market fit for hazardous wastewater

•  Direct Osmosis Concentration—for smaller scale niche markets such as bio-sludge
dewatering, due to its tolerance for high solids loads

•  Reverse Osmosis and Electrodialysis combination—to compete with thermal evaporation
plus crystallization

•  Electrolytic Partial or Complete Oxidation of organics—a versatile problem solver

•  Microfiltration and Ultrafiltration—for various pretreatment and post treatment steps

•  Advanced Distillation—has the potential to reduce U.S. evaporation losses from cooling
water towers by 0.5 × 1012 lb/yr (0.2 × 1012 kg/yr)

EPRI Perspective
Chemicals, Petroleum, and Natural Gas Center target members are interested in new business
opportunities for strategic load grow and load retention. Water and wastewater management
concerns are wide-spread and important to their customers in the process industries. This project
resulted in a comprehensive analysis and reference that provides utilities and energy service
providers with information to help them focus their efforts on good business opportunities and
technologies in this complex, competitive, energy-intensive, and until recently non-revenue
generating, regulatory-driven part of the process industries.

Key Words
Water pinch
Water and wastewater management
Source reduction
Waste minimization
Recycle
Zero discharge



vii

EXECUTIVE SUMMARY

The purpose of this study is to help utilities and energy service providers understand and find
opportunities in the water and wastewater management area, which is pervasive throughout the
industrial sector of the United States economy. There are many commonalties between various
industry segments, especially in the process industries (chemicals, petroleum, pulp and paper,
food, textiles, etc.). However, there are also things (technical and regulatory) that are specific to
individual industries that need special handling (petroleum refining desalter emulsion problems,
pulp & paper black liquor and bio-fouling, textile dyes recovery/destruction, differing
regulations including different mandated control technologies, etc.). This report focuses on the
chemicals and petroleum industries, and concentrates on the issues and logic of water and
wastewater minimization (without and with zero discharge being the final objective), what
technologies industries tend to use in this very important area and why, what new and emerging
technologies are likely to make it in this very complex, competitive area, and how utilities and
energy service providers can capitalize on these trends.

Twenty nine issues we identified. The top ten are summarized below, with some opportunities
they suggest.
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Top 10 U.S. Chemical and Petroleum Industry
Water and Wastewater Issues

Issues Potential Opportunities

End-of-pipe treatment and intake water costs
increasing

Water Pinch, Manage Industrial Water Operations

High salt content (recycle causing problems or
at regulatory limit)

RO, RO + Electrodialysis, Vapor Compression
Evaporation

Easy economic water use reduction (air
cooling, etc.) already done in most existing
plants

Water Pinch, Electrotechnologies’ Unique Capabilities

Wastewater segregation and “at source
treatment” capital cost and/or plot space
limited at many existing plants

New Cost Effective, Sophisticated Separation
Technologies, Electrotechnology Small Footprint

Biosludge volume reduction, dewatering and
disposal

Direct Osmosis, Freeze Thaw, Manage Industrial
Sludge Operations

High treatment cost hazardous wastewater Electrolytic Partial Oxidation, Freeze Concentration +
Incineration, Direct Osmosis + Supercritical Water
Oxidation (for small-scale operations)

Onerous RCRA status Same as Above, Other Electrotechnologies

Deep welling Same as Above

Difficult streams (organic/inorganic) Stream Specific Electrotechnologies, Electrolytic
Oxidation

Desalter upsets Microwave Emulsion Breaking, Manage Desalter
Industrial Operations

Some of the key issues suggest specific electrotechnologies and/or specific potential businesses.
Others suggest the opportunity to explore for electrotechnology opportunities. Utility customers
are more accustomed to using traditional non-electric solutions for their normal water treatment
situations. Only, when they “get in trouble on something”, do they tend to start looking at
electrotechnologies for a solution. As they move more towards water reuse and zero discharge,
they start to look towards electrotechnologies, for their solutions to these more difficult
problems. Also, for difficult end-of-pipe treatment problems, such as certain mixed
organic/inorganic contaminated wastewaters, and certain high cost hazardous waste problems,
they tend to venture more into the electrotechnology area.

Utility customers are also economically driven. They tend to look first at low cost non-electric
solutions, and then progress towards higher cost non-electric solutions, and appear to only
consider electrotechnologies when they have a very difficult problem that may not be solved in
another way, or are faced with very high cost, last resort, non-electric technologies, such as
incineration.
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Common water/wastewater management situations—traditional technologies used and potential
competitive electrotechnology solutions—are summarized below, starting with the most widely
used traditional technology (biotreatment—usually lowest cost), and progressing towards the
least used traditional technology (incineration—highest cost). Where available, the
electrotechnology kWh/1000 gallons (kWh/m3) of wastewater processed is shown in the last
column.

Competing Traditional vs. Electric Technology

Situation Traditional Electrotechnology KWh/1000 Gal.
(kWh/m3)

Typical
Biotreatable

Biotreatment (BT) Currently None

ElectroCoagulation Very LowCan Precipitate Chemical Coagulation

Electrolytic (Heavy Metals) 0.5 to >2
(0.1 to >0.5)

Belt Filter Press Direct Osmosis 340
(90)

Centrifuge Centrifuge

Biosludge
Dewatering

Drying Lagoon Freeze Thaw

Non-Biotreatable
Organics

Wet Air Oxidation (WAO)/ BT Electrolytic Partial Oxidation
(EPO)/BT

>8
(>2)

(EPO)/BT >8
(>2)

Deep Wellable Deep Well

Freeze Concentration/
Incineration (FCI)

300
(79)

Stream Specific
Electrotechnologies

Difficult Organic/
Inorganic Mixtures

Chemical Oxidation or
Reduction

EPO or Electrolytic Complete
Oxidation (ECO)

>8 to >>8
(>2 to >>72)

Thermal Evaporation (TE)

Extraction

Reverse Osmosis (RO) 20 to 30
(5 to 8)

TE/Crystallization RO/Electrodialysis 35 to 55
(9 to 15)

Reclaim/Reduce
Volume

Vapor Compression
Evaporation for Zero
Discharge

Vapor Compression
Evaporation for Zero
Discharge

480
(127)

FCI 300
(79)

Incineration

Plasma With HC liq/solid

Must Destroy

Wet Air Oxidation Super Critical Water Oxidation
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There is a major trend towards recycle, reclamation, volume reduction, and handling the more
difficult problems. This trend should lead to the use of more sophisticated separation and
destruction processes, which provide an opportunity for electrotechnologies such as those listed
above. There will also be other non-electric opportunities, such as advanced distillation (U.S.
potential to reduce distillation reboiler duties by about 0.5 × 1015 BTU (5.3 × 1017 J) and
condenser cooling water duties by almost as much with potential reduction in evaporative losses
of 0.5x1012 pounds per year (2.3 × 1011 kg/yr)).

The previous suggests a number of opportunities for utilities and energy service providers. The
key generic opportunities are listed below.

1. Water Pinch represents a key way of both helping utility customers, and increasing the use of
electrotechnologies. It is clear from published water management treatment technology
selection logic that there is a bias towards traditional non-electric approaches. The beauty of
water pinch is that it not only provides plant access to utility companies, it levels the playing
field, since all viable technologies are usually examined in this approach.

2. Educating utility customers relative to the benefits of some specific electrotechnologies,
through publications (such as this one) and workshops should remove some of the bias, as
well as uncover specific situations where utilities can be of assistance to their customers
through water pinch studies, technology demonstrations at utility customer facilities, and as a
provider of business services in addition to being the electric power provider.

3. For those that are interested, there is an opportunity to take over the operation of facilities’
water management as a business by itself, or in conjunction with operating all utility services.

4. The existing and emerging technologies described in the table above look promising and
should be considered for support (demo or other) to accelerate the introduction and
implementation of these technologies throughout the industry.

5. Seven specific slipstream test opportunities were identified, where utility companies could
get started.
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1 
INTRODUCTION

This introduction covers the modern concepts that emerged from an end-of-pipe environment
and mindset:

•  Zero discharge

•  Source reduction

•  Wastewater minimization

•  Internal and external recycle

•  Wastewater segregation

•  At-source treatment

When a novice first looks at water management practices, the subject (and even more so, the
responsibility for getting something done) can be overwhelming. There are many factors that
contribute to this area such as:

•  A multitude of different unit operations and processes

•  Conflicting vendor claims

•  Different ideas on how screening and final selections should be done

•  An array of sometimes conflicting water, air, and solid waste regulations (federal, state, and
local)

•  Conflicts between doing what is socially responsible (waste minimization, and when
reasonable, zero discharge) with regulations and what is cost-effective

This report seeks to explain things in an easily understood manner. The presentation of some
concepts may be over-simplified to promote understanding, with any complicating factors then
further explained in detail.
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1.1 U.S. Industrial Water and Wastewater Issues

U.S. industrial issues are summarized in Table 1-1, and explained in the following text.

Table 1-1
U.S. Industrial Water and Wastewater Issues

Issues Potential Solutions

End-of-pipe treatment and intake water costs
increasing

Source reduction, recycle, and rain-water capture

Source reduction introduction rate constrained by
existing infrastructure and cuts in R&D budgets

Recycle and rain-water capture

Easy economic water-use reduction (air cooling,
etc.) already in place at most existing plants

Recycle and rain-water capture

Recycling hitting concentration limits in existing
plants

Remove salts or go to zero discharge

Wastewater segregation and “at source treatment”
capital cost and/or plot space limited at many
existing plants

New cost-effective, sophisticated separation
technologies

Concentration based regulations limiting water
recovery

Remove salts, etc. or change to mass-flow rate
regulations

Command and control regulations limiting source
reduction

Change to objective driven regulations

Loss of water rights in some water short areas Grandfather water rights based on past usage

The total water intake by U.S. industries is over 102 billion liters (27 billion gallons) per day.
Industrial and commercial facilities discharge over 68 billion liters (18 billion gallons) of
wastewater daily to surface waters or sewage systems. According to the U.S. Bureau of Census,
capital expenditures by the manufacturing facilities for pollution abatement exceeds $7 billion
annually. Of this total, over $3 billion or over 42 percent, is spent on pollution abatement of
wastewater and waste solids. Operating costs related to pollution abatement exceed $17 billion
annually. Nearly 15 percent of this amount, over $2.5 billion, is spent for fuel and electricity
purchases. These costs can only increase due to ever more stringent environmental regulations,
public pressures, and growing liability issues. Pursuing better methods (source reduction and
recycle, rather than just end-of-pipe treatment) can help keep costs down.

Source reduction (not making it in the first place or separating it out as it is being made) and
internal (within the process) and external (outside the process) recycle are improved methods
recognized by the EPA and industry. Strides have been made in source reduction, but the process
still has a long way to go. This process would benefit from a long-term investment in R&D.
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However, many R&D budgets have recently been cut. Also, changing the process means either
scraping equipment that is still generating a profit, or waiting until the next capacity increase is
needed. The latter is difficult in a time when many favor increasing capacity by de-bottlenecking
existing plants, rather than building new ones. More extensive and faster results have been
achieved by recycle (especially external recycle), where what would have been wastewater
becomes useable water.

The amount of recycle and its rate of growth have been amazing. The ratio of the U.S. gross
water use to water intake exceeds 7.5 in petroleum refining, 3 in chemicals production, 2.5 in
petroleum production, and 3.5 in all manufacturing. To put things in perspective, the gross water
is the amount of water that would have to be used if there was no recycle. Therefore, in
petroleum refining, water intake would be in excess of 7.5 times what it is, if straight through
water flow were used, without recycle.

The average annual growth rate of the gross water use to water intake ratio for petroleum
refining, chemicals, and all manufacturing has been almost 10 percent per year. Even more
astonishing is that this growth in recycle was accomplished while the intake water for all
manufacturing was declining by more than 2 percent per year and production was growing by
3 to 5 percent per year. Reduction of intake water was primarily attributed to converting from
water to air cooling for distillation column condensers, whenever technically and economically
feasible. In the future, this trend will be limited to new construction, since most of the
conversions to air cooling in old plants have already been made.

There are other emerging limitations. For example, a large portion of the reduction of water
intake also comes from recycle, resulting in the build up of concentrations to steady state that can
cause problems (product quality impairment, deposition, scaling, corrosion, plugging, increased
inspection and maintenance requirements, etc.). This is a site specific situation, since the many
processes in a complex can be different, the way they are tied together can be different, and the
intake water quality can be different.

In the old days, “when dilution was the solution,” not much thought was given to segregating
different types of wastewater (process, storm, organic contaminated, inorganic contamination,
etc.). Everything (except things toxic enough to kill the biotreatment system) was treated the
same way. Now, it is standard design practice to look at

1. Segregating similar wastewater streams

2. At source treatment

3. Cascading the use of poorer and poorer water

4. Minimum treatment to allow recycle of water streams to minimize overall water management
costs in new plant design

However, for older plants, segregation and at source treatment can be capital cost and/or plot
space prohibitive, limiting the application of these concepts.
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In addition to technical barriers, there are regulatory barriers to water conservation and zero
discharge. The National Pollutant Discharge Elimination System (NPDES) discharge limits are
currently written with concentration limits. Also, the limits for accepting industrial wastewater
by local publicly owned treatment works (POTWs) are in terms of concentrations. This has
resulted in situations where water conservation measures have been taken in the absence of a
water balance (not uncommon) or without examining the likely increase in concentrations
relative to site permits, causing costly non-compliance. Unless regulations are designed on a
mass discharge basis (with appropriate safe guards to protect aquatic and human life at and near
wastewater outfalls and to protect POTW equipment), industry is faced with few good choices.
They could discontinue water conservation at a site when its compliance limits are reached,
consider removal of salts/other components that have built up in their system (which can be
costly), or make one bold move (as opposed to the typical incremental approach) to zero
discharge (where water regulations would no longer be a concern, but hazardous solid waste
Resource Conservation and Recovery Act (RCRA) concerns could come into play).

The EPA (as well as industry) still has a residual end-of-pipe mindset. For example, regulations
still mandate the use of specific treatment technologies (which can be different for different
industries and processes). Mandated approaches are the antithesis of source reduction, which
should rely on individual ingenuity to solve problems at the source. Unfortunately, industry is
required to work under command and control laws, with a little deference given to those that do
well at source reduction. The alternative is laws based on objectives, what is desired, and letting
the companies decide how to get there.

In addition, in water short regions, regulations are written in such a way that if an individual
company doesn’ t use its water rights, it may lose water credits potentially needed for future
expansions. These regulations are currently applicable in a limited number of places in the U.S.
However, water tables have been falling worldwide. This decline is a threat to agricultural
production and could become an important barrier for industries in the future.
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1.2 U.S. Chemical Industry Water and Wastewater Issues

U.S. chemical industry issues are summarized in Table 1-2, and explained in the following text.

Table 1-2
U.S. Chemical Industry Water and Wastewater Issues

Issues Potential Solutions

All of the issues of Table 1-1 The potential solutions of Table 1-1

Public relations and liability Proactive rather than reactive measures

Deep welling Other existing and emerging methods

Onerous RCRA status Process all hazardous wastes on site

On-site remediation Process all hazardous wastes on site

Intangibles Development of sustainability metrics

Inherent instability of biotreatment Better measurement/control/designs

Improved Biotreatment Better measurement/control/designs

Transients and random toxicity Large up-front surge volume,
better measurement/control/designs

Biosludge volume reduction, dewatering and
disposal

Type of biotreatment, dewatering, and disposal
technology used

Wastewater volume reduction The subject of this report

Zero discharge Part of the subject of this report

High treatment cost for hazardous wastewater Part of the subject of this report (partial conversion
or concentration)

Difficult streams (organic/inorganic) Stream specific treatment

High-salt-content steams Salt removal (RO, RO + Electrodialysis, Vapor
Compression Evaporation)

Scaling, corrosion, organic film, biofouling Removal or chemical treatment

High purity pharmaceutical or specialty chemical
feed water

Appropriate technologies
See TR-110887

The U.S. chemical industry produces a wide variety of products and pollutants. Some of these
pollutants are highly toxic. For example, some pharmaceutical wastes are toxic down to the parts
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per trillion (ppt) level. In addition, pesticide wastes are highly toxic. In fact, the beginnings of the
environmental movement can be traced back to the U.S. chemical industry and situations like
Love Canal, where mixed wastes were dumped in a landfill since no one knew what to do with
these materials. Thus, began the Supper Fund era. The chemical industry took another large
public relations hit when the EPA released Toxic Release Inventory (TRI) data that showed the
chemical industry with the largest tonnage and variety of TRI wastes. This resulted in the
chemical industry acting to protect itself both for PR and liability reasons.

However, the industry is highly motivated by economics and will usually take advantage of
whatever the law allows. As a result, TRI data recently released for the chemical industry by the
EPA shows that more than half the aqueous TRI wastes are still being deep welled. Deep welling
is the practice of pumping wastes into a hole in the ground. The hole leads to a subterranean
cavern considered to be safe. The legal departments of some large chemical companies are now
questioning this practice, based on potentially huge liabilities that could occur if that material
worked its way up in to an aquifer. The industry is clearly looking for better waste management
practices.

However, a better way may simply be an expansion of other practices, such as injection into
sulfuric acid manufacturing furnaces or other hazardous waste incinerators—or any convenient
low cost alternative, such as phytoremediation. Phytoremediation is a newly developing
technology that uses plants such as reeds, water lilies, and trees to process the hazardous waste.
The liability risk with phytoremediation is definitely less than that for deep welling, but the PR
risk is still high.

When a facility ships hazardous wastes off site for processing or disposal, it becomes a RCRA
site and is subject to strict record keeping and responsibility requirements, which necessitate a
large staff to properly manage. Therefore, when feasible, companies will seek to process wastes
on site, to avoid the tangible costs of being a RCRA site, plus the intangible costs associated with
shipping hazardous material off-site.

It is clear that for this industry, a lot of intangibles need to be considered in making decisions.
The industry is struggling with ways to quantify these intangibles. One way being pursued uses
sustainability metrics (BTU/Ton, kWh/Ton, Tons of waste/Ton, etc.).

A large part of this industry deals with hydrocarbons and Biotreatment (when applicable) is
usually the lowest cost approach. However, biological systems have an inherent stability
problem. Poor conditions and/or random toxics can easily shut a system down. Once down, they
are difficult to restart. Also, excess nutrients can get the microbial flora growing too fast, leading
to plugging problems (which can shut the system down, depending on the type of system) or
large amounts of biosludge that must be dewatered and disposed of.

There are numerous other water and wastewater management technical problems that the
chemical industry faces. These are included in Table 1-2.
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1.3 U.S. Petroleum Refining Industry Water and Wastewater Issues

U.S. petroleum refinery industry issues are summarized in Table 1-3, and explained in the
following text.

Table 1-3
U.S. Petroleum Refinery Industry Water and Wastewater Issues

Issues Potential Solutions

All of the issues of Table 1-2 The potential solutions of Table 1-2

Desalter upsets More extensive analysis and specifications for
crude oil feeds, third party operation and control
with chemicals, move to electroseparation if not yet
done, emerging technologies such as microwave
emulsion breaking

Oil, grease, and grit Existing separator types, also desalter solutions for
emulsion problems

While the petroleum industry doesn’ t produce the highly toxic materials produced by the
chemical industry, it produces its fair share of toxics such as phenols, benzene, and polynuclear
aromatics. In addition, many refineries include petrochemical operations within the refinery, or
adjacent to it. In these situations the petrochemical wastewater often will be treated in the same
system as the refinery wastewater, and some highly toxic materials can be present. For example,
a number of refineries have pesticide production operations. Therefore, refineries potentially
have the same issues as chemical plants.

In addition, refineries have some issues that are specific to refineries. For example, the desalter is
an oil/water separator at the inlet of the refinery that protects the downstream equipment from
corrosive saltwater exposure. As such, it is an important large equipment item. Trends in the
petroleum industry are making it more difficult to operate desalters. First the trend to heavier
crude oils diminishes the specific gravity differential driving force for the separation and tends to
stabilize emulsions. Also, there has been a trend towards giving up control of crude oil supplies
to others. This trend has resulted in unknown and variable oil field chemicals reaching the
desalter, which can stabilize emulsions unpredictably. Emulsions may then reach both the
process system and the wastewater system. The process contamination can lead to plugged crude
oil columns as well as corrosion damage, in addition to unscheduled shutdowns. Both
unpredictable emulsion carry-through to the wastewater system and the unscheduled shutdowns
can create havoc with refinery biotreatment systems. In addition, any wastewater recycling is
likely to end up recirculating some material to the desalter, further aggravating the problem.

Currently, refineries are moving away from gravity desalters towards electrodesalters. Also,
refiners are giving control of desalters to third parties on a contractual basis and proprietary
chemicals are used to control emulsions and separation.
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In addition, refineries have other oil/water separators and a lot of oil, grease, and grit present that
needs to be removed upstream of wastewater treatment.

1.4 U.S. Oil & Gas Production Industry Water and Wastewater Issues

U.S. oil and gas production industry issues are summarized in Table 1-4, and explained in the
following text.

Table 1-4
U.S. Oil & Gas Production Industry Water and Wastewater Issues

Issues Potential Solutions

Potential lifting of oilfield exemption; resulting
costly regulations

Lobbying, delaying tactics

Miniprocess facilities Similar to that for a small refinery

Heavy oil heater treaters with potential problems
similar to desalters

Same as for desalters

Prior to production, when wells are being drilled, cutting fluids are used. Wastewaters from this
process are currently exempt from regulation. However, some contamination problems have
received publicity, raising awareness amongst the public and the EPA. The EPA currently is
trying to define oil and gas fields as facilities, a first step towards regulation. Regulations could
require the costly installation of linings for large holding ponds.

Water is produced in conjunction with oil and/or gas production. The quantity of water produced
increases as operations age and can reach in excess of 90% of production. By law, this water
needs to be reinjected to help maintain production and to avoid land subsidence. Before it can be
reinjected, this water will need processing, at a minimum to recover oil and remove silt.

Another issue is that natural gas is often produced when the objective is oil production. The
composition, amount, and market conditions may justify natural gas liquids (NGL) production
and/or natural gas production. This process may require carbon dioxide removal for pipeline
corrosion control. If a miniprocess facility is added to the production site, it will also have water
and wastewater requirements.

For heavy oil production, cogeneration facilities or steam generation facilities will be at or near
the production site. They will add to the water and wastewater requirements. Also, there is a
trend towards adding miniprocessing facilities at heavy oil production operations to cut oil
viscosity for pipelining. This again will add to the water and wastewater requirements.

Currently, heavy oil/water heater treaters are used for oil water separation.
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1.5 Background

Current practices and systems have evolved from and integrate with end-of-pipe treatment. This
section describes

•  Initial understanding through wastewater analysis

•  What the industry is doing with its wastewater and why

•  Rule-of-thumb, end-of-pipe treatment selection logic from the literature (not friendly to
electrotechnologies)

•  Current water use minimization and zero discharge logic (friendly to electrotechnologies).

Water Analysis Provides Good Start to Understanding

Key measured parameters provide details about a wastewater stream.

•  Biochemical Oxygen Demand (BOD) measurements indicate the amount of organic matter
present amenable to biotreatment.

•  Total Organic Carbon (TOC) measures the amount of organic carbon.

•  Chemical Oxygen Demand (COD) measures the amount of carbon that could theoretically be
oxidized to carbon dioxide.

For example, a waste stream with a high TOC and a low BOD indicates an organic waste that
is not amenable to biodegradation. On the other hand, a high COD and low TOC indicates
that an inorganic oxidizable species is present. Inorganic COD is usually not amenable to
biotreatment. However, some inorganics are amenable to biotreatment (hydrogen sulfide,
ammonia, other nitrogen compounds, phosphorus) and contribute to BOD along with the
organics that are amenable to biotreatment.

•  Total Dissolved Solids (TDS) is a measure of dissolved inorganics. 

TDS is tracked for zero discharge applications. The TDS ends up as the major component of
solid waste from a zero discharge operation. This represents the key to the “end game” that
modifies water reduction/treatment logic to zero discharge logic.

The logic for treatment of primarily organic contaminated and primarily inorganic
contaminated streams are reasonably straightforward. However, mixed organic/inorganics are
much more difficult. A high TDS and low TOC is an inorganic stream and a high TOC and
low TDS is an organic stream.

•  Oil & Grease (O&G) analysis results can be made up of both dissolved and free organics.
Any free O&G needs to be removed prior to treatment.

•  Gritty solids (not normally analyzed for, but determined by on site inspection or experience)
normally should be removed up-front.

•  Odor and organic-based color normally need a strong oxidant at an appropriate point in the
process.
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•  Cyanides, toxic organics, phenol, and heavy metals all are problems for biotreatment systems
and suggest special processing.

Table 1-5 below shows typical wastewater contaminants, typical effluent limitations, and typical
implications.

Table 1-5
Typical Contaminants, Effluent Limitations, and Implications/Concerns

Parameter Effluent, mg/L Implications

TOC • Measures organics
• Can be toxic
• Depletes O2

TDS • Measures inorganics (salts)
• Can be toxic to aquatic life and agriculture

COD 300 to 2000 • Can be toxic
• Depletes O2

BOD 100 to 300 • Depletes O2 in receiving waters

O&G 15 to 55 • Damages vegetation and wildlife
• Remove free O&G first

TSS 15 to 45 • Turbidity
• Toxic to aquatic life

pH 6.0 to 9.0 • Acidity or alkalinity is toxic to aquatic life

Temperature < 40°C • Toxic to aquatic life

Color 2 color units • Aesthetic problems
• Destroys algae

Odor • Can be toxic to aquatic life and humans
• Aesthetic problems

Redox Ptntl • Can be toxic to aquatic life

NH3/NO3 1.0 to 10 • Toxic to aquatic life
• Eutrophication (algae)

Phosphates 0.2 • Eutrophication (algae)

Heavy Metals 0.1 to 5.0 • Toxic to aquatic life and humans

Surfactants 0.5 to 1.0 total • Toxic to aquatic life and humans
• Aesthetic problems

Sulfides 0.01 to 0.1 • Toxic to aquatic life and humans
• Aesthetic problems

Phenol 0.1 to 1.0 • Toxic to aquatic life and humans
• Aesthetic problems

Toxic Organics 1.0 total • Toxic to aquatic life and humans

Cyanide 0.1 • Toxic to aquatic life and humans
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What Industry Is Doing With Its Wastewater

For all industry wastewater

•  50% is biotreated

•  25% undergoes chemical precipitation (mostly for heavy metal removal) followed by
biotreatment

•  10% is deep welled

•  6% undergoes other inorganic/organic separation

•  3% undergoes other organic

•  2% undergoes chemical precipitation

•  Less than 1% is incinerated

•  Remaining 3% is unidentified

Discharges for the chemical industry (producing a lot of toxic waste)

•  50% to underground injection wells (deep welling)

•  More than 25% goes to surface waters

•  Remaining 25% goes to off-site disposal and land releases

Why Industry Uses Current Wastewater Disposal Practices

Industry is clearly driven by economics. Biotreatment is the lowest cost approach for materials
that can be reliably bio-treated. For hazardous materials that would normally require costly
approaches, deep welling is the lowest first-cost approach if there is a site with appropriate
subsurface conditions within a reasonable distance from the source of pollutant. On a long-term
basis, the legal departments of some major companies are questioning this practice. The potential
liabilities that could occur if toxic material broke up into an aquifer would more than wipe out
any initial cost savings, in both lost goodwill and legal costs.



Introduction

1-12

Table 1-6 lists cost information for a number of technologies that are primary treatment
technologies. Note that biotreatment of less than 1000 mg/L BOD wastewater ranks lowest in
cost and incineration ranks highest.

Table 1-6
Cost of Primary or Potentially Primary Treatment

$/Million Gallons (3.8 ×××× 103 m3)

Bio < 1000 mg/L BOD 40 to 500 270

Carbon adsorption 70 to > 1000 > 535

Ion exchange 250 to > 1000 > 625

Bio > 5000 mg/L BOD > 1000 > 1000

Membrane 30 to > 2000 > 1015

Precipitation 50 to > 2000 > 1025

Thermal crystallization > 5000 > 5000

Chemical oxidation 200 to 10,000 5100

Solvent extraction 1000 to 10,000 5500

Evaporation thermal > 10,000 > 10,000

Freeze concentration 30,000 to 40,000 35,000

Incineration > 1,000,000 > 1,000,000
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Table 1-7 lists cost information for a number of technologies that are auxiliary treatment
technologies. Note that evaporation ponds rank lowest in cost and freeze concentration ranks
highest.

Table 1-7
Cost of Auxiliary or Potentially Auxiliary Treatment

$/Million Gallons (3.8 ×××× 103 m3)

Evaporation ponds 20 20

Filtration 20 to > 100 > 60

Flotation 20 to > 100 > 60

Stripping 40 to 250 145

Gravity separation 50 to 500 275

Solidification and stabilization
(cement)

10 to 1000 505

Carbon adsorption 70 to > 1000 > 535

Ion exchange 250 to > 1000 > 625

Membrane 30 to > 2000 > 1015

Centrifugal separation 60 to > 2000 > 1030

Thermal crystallization > 5000 > 5000

Solvent extraction 1000 to 10,000 5500

Evaporation thermal > 10,000 > 10,000

Freeze concentration 30,000 to 40,000 35,000

Rule-of-Thumb Treatment Selection Logic

The rule-of-thumb treatment selection logic for a specific stream is illustrated by the following
series of figures. There are separate figures for common pretreatment (Figure 1-1), inorganic
(Figure 1-2), organic (Figure 1-3), and mixed organic/inorganic (Figure 1-4) contamination, and
water use minimization (Figure 1-5). Examination of these figures suggests the types of streams
that should be segregated.

Whenever mixing streams leads to more costly treatment, they should be segregated (assuming
the capital and plot space is available). Streams, that if mixed with any other streams would lead
to more costly treatment, should be “at source treated” (assuming the capital and plot space is
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available). Therefore, the individual treatment logic also leads to the logic of stream separation
and “at source treatment.”

go to first no
track in other
logic figures

need to remove
O&G or grit

pH adjust
needed

strippable
contaminants

e.g. NH3, VOCs

no
track

yes
track

pH treat
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Figure 1-1
Pretreatment Logic
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Figure 1-2
Inorganic Logic
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Figure 1-3
Organic Logic
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Figure 1-5
Water Use Minimization Logic

The five logic diagrams have been adapted from material in the literature. The first four come
from an end-of-pipe treatment mind set. The order of the steps are based on a simplistic logic,
where mitigating circumstances could dictate changes in the order of the steps. For example, in
Figure 1-1, pH treatment is done first to protect downstream equipment from corrosion. If that
would cause emulsification, then the oil separation step should come first. The oil, grease, and
grit are removed prior to stripping to avoid fouling the column. If the wastewater is producing
gas bubbles, an air flotation separator could be used instead of a gravity separator, and the air
stripping would be done in that separator. The line from the air stripping box to the “go to first
no track in other logic figures” box is dashed, since on occasion, no further processing may be
needed.

The “no tracks” in Figure 1-2, 1-3, and 1-4 move from generally lower cost technologies towards
higher cost technologies. When a “yes” answer is reached, that will remove the waste from the
“no track” before getting to a higher cost technology. Also, examination of these three figures
shows some specific technologies such as chemical oxidation, evaporation, and carbon
adsorption. These are familiar technologies that are usually selected by the environmental
community. However, there may be better existing or emerging alternatives.

Alternative Technologies

The following are examples of some alternative technologies to consider.

Electrolytic Complete or Partial Oxidation of Organics

In this emerging technology, complete electrolytic oxidation could substitute for chemical
oxidation of hazardous organics in Figure 1-3 and 1-4. Partial electrolytic oxidation could move
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a hazardous organic from a track towards high cost incineration to one towards low cost
biotreatment.

Ozone

Ozone is a chemical oxidant recognized by the environmental community, but not widely used in
the chemicals and petroleum industries.

Reverse Osmosis Plus Electrodialysis

Another possibility would be to replace the thermal evaporation referred to in these figures with
reverse osmosis coupled with electrodialysis of the concentrate. This process would achieve
similar extents of concentration for inorganic streams and some mixed inorganic/organic
streams.

In addition, carbon adsorption (producing hazardous solid waste) can be replaced with reverse
osmosis coupled with electrodialysis of the concentrate. This process produces a more
manageable concentrated hazardous liquid waste for inorganic streams and some mixed
inorganic/organic streams.

Freeze Concentration

Freeze concentration should be considered when hazardous VOCs rule out evaporation for
concentration.

Water Use Minimization Logic

Using this logic (Figure 1-5), the first thing to consider is source reduction and internal recycle.
Then, external recycle of wastewater treatment effluent and cooling tower blowdown should be
considered. Finally, the capture and use of rainwater should be considered.

These practices can minimize water use. The key to zero discharge (“the end game”) is currently
wastewater treatment effluent recycle to the cooling water tower and vapor compression
evaporation (an electrotechnology) of the cooling tower blowdown to recycle water and produce
a concentrated slurry. This slurry can be solidified and stabilized to produce a solid waste for
either regular landfills or hazardous landfills.
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2 
TECHNOLOGIES FOR
PREVENTION/REDUCTION/TREATMENT

This chapter described some key technologies for pollution prevention, reduction of wastewater,
and end-of-pipe treatment.

2.1 Process Changes—Pollution Prevention by Source Reduction

The concept of source reduction is to avoid making pollutants in the first place. Fundamental
changes in the reaction pathways (raw materials and chemical reactions) are at the heart of
source reduction. However, advanced reactor design changes and avoidance of water use (for
washing, air coolers, etc.) can also lead to source reduction.

Utility companies may have difficulty participating in source reduction activities at a customer’ s
site. Customers often do not wish to share their proprietary processes. However, there may be
opportunities to get involved through revolutionary generic reactor design changes. Also,
performing a water pinch study may allow utilities to identify reactor upgrade opportunities.

2.1.1 Advanced Reactors

Two advanced reactor design concepts are ultra-low reactor residence times and combined
reaction and separation (such as reactive distillation). These designs are aimed at improved
selectivity (higher production of what is wanted and less waste production).

Low residence time avoids unwanted side reactions. Removing reaction products as the reaction
proceeds can also avoid unwanted side reactions, and/or adjust concentrations (for reactions that
are equilibrium controlled, rather than being reaction rate controlled). Adjusting concentrations
for equilibrium controlled reactions can both increase reaction rate and improve selectivity.

Numerous designs have been reported in the literature, and there is a commitment to long-term
R&D in this area. Some reactor designs are generic and will help in a wide range of reactions.
Others are specific for a given reaction and set of operating conditions.

2.1.2 Water Pinch Analysis

While water pinch is usually conducive to finding internal and external recycle opportunities, it
could lead to source reduction when water is produced or consumed in the production reactions.
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As previously mentioned, performing a water pinch study may allow a utility company to view
the customer’ s process and identify potential reactor upgrade opportunities (even when water is
not involved in the chemical reactions). See the next section for more on water pinch.

2.2 Recycle and Reuse—Reduction

The largest potential for utilities to impact their customers’ operations is in recycle and reuse
technologies. Here again, water pinch is an excellent way for utilities to explore opportunities to
better serve their customers.

2.2.1 Water Pinch Analysis

The previously shown logic diagrams and designs come out of traditional design methodology.
This methodology is based on experience and trial-and-error attempts at optimization. Since
there isn’ t enough time or money to investigate every alternative, the traditional approach
usually leads to sub-optimization.

The thermal pinch approach has been highly successful, since it is based on a systematic
computerized approach that sets thermodynamically achievable targets for a system and then
finds economically viable approaches to move towards that target. Water pinch is an adaptation
of thermal pinch to the water/wastewater system. In thermal pinch, temperature versus mass flow
rate times specific heat is used to find the thermodynamic temperature pinch point. In water
pinch, pollutant concentration versus aqueous-stream mass flow rate is used to find the
concentration pinch point.

Water pinch is a much more complex problem, since there is usually more than one pollutant to
be considered and the number of technology approaches available are great. However, water
pinch studies have shown good results and they represent a way of getting electrotechnology
approaches considered, since all approaches are “on-the-table,” not just the ones that the
environmental community favors.

2.2.2 Thermal Evaporation

Thermal evaporation (when volatiles are not present) is the workhorse of the industry. Streams
are concentrated and quality distillate water is recovered.

At high levels of concentration, salt can separate out. If this occurs, it would have to be collected
and disposed of, with or without leaching stabilization.

When hazardous volatiles are present, freeze concentration can be a better alternative (see the
freeze concentration section).
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2.2.3 Reverse Osmosis Plus Electrodialysis (35 to 55 kWh/1000 gal. (3.8 m3))

The combination of reverse osmosis (RO) and further concentration of the RO concentrate by
electrodialysis should be a competitive technology to thermal evaporation. However, as can be
seen by the selection logic diagrams, the process industries might not even consider this
possibility. If utilities performed a water pinch study which indicated that this type of recovery
and/or concentration step was warranted, industries might consider it as an alternative to thermal
evaporation.

2.2.4 Vapor Compression Evaporation (An Electrotechnology for Zero
Discharge—480 kWh/1000 gal. (3.8 m3))

Figure 2-1 shows the process arrangement for vapor compression evaporation. This
electrotechnology is currently a key component of zero discharge systems. Vacuum conditions
are required due to the high solids concentration, which makes electric drives the preferred drive
for all mechanical equipment.

vapor
body

vacuum
pump

boiling
salt

solution

compressor

water
vapor
+ atm
gases
vent

oil-free
water

heat
exchanger

concentrated
salt slurry

pump

condensed stm

stm

stm

heat
exchanger

TDS-free
water

Figure 2-1
Vapor Compression Evaporation

The evaporator system purges dissolved solids (in a highly concentrated form), that would
otherwise build to unacceptable concentrations, from the cooling water through evaporative
cooling losses. The evaporator is a vapor compression forced circulation design. The source of
heat for evaporation is the condensation of vapors drawn from the vapor body under partial
vacuum (drawn by an electric motor powered compressor). The recirculation system is designed
so water evaporation occurs on the water surface in the evaporator body and not at the heat
exchanger interface. This design, in addition to pumping the high-suspended solids slurry that
scours the heat transfer surface, prevents the accumulation of difficult-to-clean scale on the brine
side of the heat transfer surfaces in the evaporator heat exchanger.
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Feedwater recovery in the evaporator is greater than 99%, with only 10 mg/L dissolved solids in
the distillate. The brine recovered from the evaporator contains high concentrations of trace
contaminants from plant process feedwater; salt forms of ions leached from cooling water
contact with any material and high concentrations of all the inorganic cooling water chemicals.
The system uses 480 kWh/1000 gallons (3.8 m3) of feed.

2.2.5 Freeze Concentration of Hazardous Wastewater (300 kWh/1000 gal. (3.8 m3))

Freeze concentration upstream of incinerators has been commercialized in two overseas facilities
at 2 MW and 3.5 MW levels. This technology is applicable when either incineration or
supercritical water oxidation is required, and the hazardous material is a mix of non-volatile
hazardous material and volatile hazardous material (hazardous VOCs). In the absence of the
hazardous VOCs, thermal evaporation would be less costly. In their presence, the vapor from the
evaporation step would also have to be incinerated, making freeze concentration /incineration
less costly than evaporation/incineration. If only hazardous VOCs are present, the stream could
be air stripped and followed by catalytic oxidation. The incinerator then wouldn’ t be needed.
Therefore, freeze concentration has a niche market where both hazardous VOCs and hazardous
non-volatile materials requiring incineration or super critical oxidation exist.

The following is a description of how freeze concentration was selected for two hazardous
wastewater applications. This account is instructive and covers a wide range of considerations
taken account when making these types of decisions.

Niro Process Technologies B.V. needed to help a client find a hazardous wastewater
management design that would be based on proven, reliable, flexible, cost-effective,
environmentally friendly, and safe technology. Biotreatment systems have been proven for many
waste streams but there are also specific toxic components precludes its use, as was the case for
this client. Incineration is the workhorse in the chemical industry and is capable of safely
destroying a wide range of toxic components. However, it is expensive. Super critical water
oxidation can destroy the organics and doesn’ t require a following biotreatment system. But this
system is not proven above a capacity of about 1 m3/hr. At that scale, 35 parallel reactors would
be needed, which is cost prohibitive. The other oxidation treatments, operating with high
pressure (20 to 200 bar) (2000 to 20,000 kPa) and medium temperature range (150°C to 350°C),
have also seen commercial service. Most are not capable of completely destroying the organic
components, but rather reduce the organic load by 75 to 80% and modify the nature of the
organics so that a biotreatment system can safely handle the waste. Each new waste needs
rigorous oxidation and biotesting before it can be scaled for commercial use. Evaporation and
freeze concentration (FC) are pre-treatment steps that can be used to reduce the overall costs of
incineration. Evaporation is a well-developed unit operation with applications in many
industries. Freeze concentration has been proven in over 50 commercial installations in the food
industry.

Budget costs for the remaining viable options in dollars per cubic meter, were estimated to be
$30 to $45 for thermal wet air oxidation (both types) and biotreatment, $35 to $50 for catalytic
wet air oxidation and biotreatment, $90 to $125 for direct incineration, $70 to $95 for
evaporation and incineration (total stream), and $35 to $50 for freeze concentration and
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incineration. The cases including wet air oxidation do not include costs for treating off gases,
which generally need further treatment.

Freeze concentration and incineration costs were projected to be similar to any of the viable
oxidation steps and biotreatment. However, FC and incineration presented a positive approach
because

•  A bio-system didn’ t need to be proved out

•  A holding pond or large surge vessels would have been needed (adding to costs) to even
attempt to mach FC’ s flexibility and reliability relative to anticipated changes in both feed
flow rate and composition

•  Biosystems are subject to shut down due to random toxics (even with large up-front surge
volumes)

•  FC plus incineration rated better in the areas of environmental impact and safety

The selective nature of the crystallization process used in FC and the large bulk volume of the
system allow for a rather wide variation in feed composition. Water is crystallized to ice and
since water is the bulk of the waste stream, the rest of the solution plays a minor role in the
concentration process. The system can easily absorb normal system fluctuations.

Examination of this specific case, with high water content waste including volatile organic
components, shows that FC pre-concentration can significantly reduce the impact of the
incinerator on the environment. This is achieved by reduction of the feed to the incinerator and
results in a reduction in fuel gas consumption (and subsequent reduction of CO2 produced). An
evaporator may also be used to concentrate the waste, but in the case of volatile organic
components, the vapor will also need to be incinerated. This will not reduce the size of the
incinerator although the fuel gas consumption may be reduced since a portion of the feed is
already vaporized.

The traditional approach would have been incineration or evaporation and incineration.
However, a common rule of thumb states not to use evaporation when VOCs are present. Wet air
oxidation plus biotreatment is an alternative to consider, but the uncertainties of untried
compositions of hazardous wastes tends to preclude its consideration. FC plus incineration was
not a traditional approach at the time that this work was performed.

The freeze concentration process is based on a proprietary crystallization method combined with
a mechanical separation technique (wash column). The crystallization takes place in surface
scraped heat exchangers from which the initially small crystals are supplied to recrystallizer
vessels. The crystals grow to 100% pure spherical crystals in the recrystallizers (ripening effect).
The crystals are ideal for separation in the wash columns, where they are separated from the
concentrated liquid by counter-current washing with byproduct water. The result of this
separation process is that ultra pure water (from the melted ice crystals) is made as a byproduct,
and the concentrate is separated for incineration without dilution. See Figure 2-2.

In mid-1997, the first full-scale application of FC for a hazardous wastewater application was
started up in an Asian chemical plant. The plant processes nearly 200,000 MT per year of



Technologies for Prevention/Reduction/Treatment

2-6

wastewater (almost a 2 MW load). A second unit started up in September 1999, in Europe with
double the capacity (3.5 MW load) of the first unit. The European complex involved the use of
six recrystallization units in series (each with its associated motor driven scraped surface heat
exchanger crystallizer and motor driven recrystallizer stirrer) and seven wash columns in parallel
(each with two motor driven proprietary mechanisms).

The FC plus incineration hazardous water management approach reduced operating costs relative
to incineration and evaporation plus incineration. However, capital costs were similar. The
system is highly environmentally friendly (conserves water, uses less fuel, and insures against
inadvertent releases of VOCs). The savings were $50 to $75 per m3 of feed relative to
incineration. It also saved $35 to $45 per m3 of feed relative to evaporation plus incineration.

The first application for the system was a 50 MT/hour caustic wash water from styrene
monomer/propylene oxide production, with 18 MT/hour byproduct water recovery containing
<50 ppm total dissolved solids in the recovered water (May 1997 startup). The second system
application was for 100 MT/hour caustic wash water from styrene monomer/propylene oxide
production, with 34 MT/hour byproduct water recovery containing <50 ppm total dissolved
solids in the recovered water (September 1999 startup).
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Figure 2-2
Incineration and Freeze Concentration

2.2.6 Direct Osmosis Dewatering of Bio-Sludge (340 kWh/1000 gal. (3.8 m3))

This technology (see Figure 2-3) uses a combination of reverse osmosis (RO) and direct osmosis
(DO) to concentrate aqueous streams. The RO loop concentrates clean (solids-free) brine (from
say 5% to 9%) to provide the driving force for water transfer into the brine stream in the DO part
of the system, thus concentrating the stream of interest in the DO part of the system without the
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use of pressure differential as the driving force. This approach prevents membrane solids fouling
(minimizing membrane cleaning, wear, maintenance, costs, and downtime, maximizing flux and
resulting in good overall economics). Like freeze concentration, this technology was first applied
in the food industry for applications such as concentrating tomato paste and wine. In mid-1998, it
was applied in the U.S. for concentration of landfill leachate at 1.41 kg/s (5 Metric Ton/hr)
(500 kW).

water reverse
osmosis

leachate

concentrate
5% brine

9% brine

DO

clean water

Figure 2-3
Direct Osmosis System

The DO technology may prove to be broadly applicable for bio-sludge dewatering, due to its
high tolerance for solids, it previous success in concentrating tomato paste, and the broadly
pervasive use of biotreatment technologies for wastewater management.

DO may compete with freeze concentration in many areas. However, each of these technologies
will have unique market niches due to the characteristics of the technology. For example, freeze
concentration will tend to be applied for large capacities, small molecular sized contaminants,
and high salt concentrations. DO, which is modular, doesn’ t have the economies of scale as
freeze concentration. DO will pass small molecules through the membrane, while freeze
concentration is not affected by small molecular contaminants. High salt content streams will
make it impractical to use RO to generate the required DO salt concentration driving force.

On the other hand, DO will tend to be applied when the application is at low capacity, low salt
concentrations, low extent of water concentration, and high free solids content. DO is appropriate
due to the economy of scale and salt driving force characteristics, lower specific electricity
requirements at low extents of concentration (freeze concentration requires 360 MJ/Metric Ton
(100 kWh/Metric Ton) of byproduct water independent of the extent of concentration, while DO’
s requirement decreases from 342 MJ/Metric Ton (95 kWh/Metric Ton) of byproduct water at
95% concentration to very low kWh/Metric Ton loads for low extents of concentration, such as
those applied for wine concentration), and DO’ s capacity to handle high free solids situations
without a solids separation system.
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2.2.7 Electrolytic Destruction or Modification of Hydrocarbons (8.5 kWh/1000 gal.
(3.8 m3) in One Modification Application)

Using this technology, pollutants have been successfully destroyed to low PPB levels (aromatics,
phenols, nitroaromatics, alcohols, carboxylic acids, aliphatics, amines, halogenated compounds,
microorganisms). Electricity is the only added component (no solids or odors) when this
technology is applied. Costs are dependent on conductivity, type of molecule, concentration
change, and extent of destruction. The technology can be applied so the pollutants reduce to CO2

and H2, or less toxic materials (i.e. benzene to acetic acid). The cost ranges from $0.13 U.S. to
$0.53 U.S./m3 ($0.5 U.S. to $2 U.S./1000 gal (3.8 m3)) for some applications.

The technology is potentially usable upstream of evaporators and biotreaters, and for mixed
organic/inorganic streams (areas where organics or toxics are a problem). Textile, food, and fine
chemicals effluents have been successfully treated with this technology. There is an existing
7.9 L/s (125 U.S. gpm) pilot unit and a 0.0158 L/s (0.25 gpm) desktop demo unit. These are
available for purchase or lease for proprietary self-testing (purchase for $25,000 U.S. and $9250
U.S., respectively, lease for $2000 U.S./mo. and $800 U.S./mo., respectively). The vendor plans
to eventually build a mobile unit in a mini-van. Also, the vendor will test a limited number of
samples free, if there is real potential for a commercial installation (based on estimated capital
and operating costs). Commercial modules would be 82 to 114 L/s (1300 to 1800 U.S. gpm).

This is a versatile technology that can potentially solve a number of difficult problems. If there is
a difficult organic/inorganic mixture that can’ t be economically handled with other approaches,
just “zap” away all of the hydrocarbons or change them to something that can be handled. If
there is something in a stream that makes it not amenable to biotreatment, just “zap” it to
something that can be biotreated. If hydrocarbons need to be removed to protect an evaporator
from heat transfer fouling or protect a membrane system from hydrocarbon induced damage, just
“zap” away the hydrocarbons to the PPB level. The technology is clearly applicable for both
recycle and end-of-pipe treatment.

2.2.8 Microfiltration and Ultrafiltration (4 to 8 kWh/1000 gal. (3.8 m3))

These membrane technologies can be used prior to the step to protect downstream equipment, or
after as a polishing step. They are applicable in both recycle operations and end-of-pipe
treatment.

2.2.9 Other Membrane Processes

Reverse osmosis, electrodialysis, microfiltration, and ultrafiltration technologies covered earlier
are the membrane technologies that receive the most attention in the chemicals and petroleum
industries. Table 2-1 shows the various membrane processes and the competing conventional
technologies.
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Table 2-1
Examples of Membrane Applications and Alternative Separation Processes

Process Applications Alternative Processes

Microfiltration Separation of bacteria and cells from solutions Sedimentation, Centrifugation

Ultrafiltration
Separation of proteins and virus, concentration
of oil-in-water emulsions

Centrifugation

Nanofiltration Separation of dye and sugar, water softening Distillation, Evaporation

Reverse Osmosis
Desalination of sea and brackish water,
process water purification

Distillation, Evaporation
Dialysis

Dialysis Purification of blood (artificial kidney) Reverse Osmosis

Electrodialysis Separation of electrolytes from nonelectrolytes Crystallization, Precipitation

Pervaporation Dehydration of ethanol and organic solvents Distillation

Gas Permeation
Hydrogen recovery from process gas streams,
dehydration and separation of air

Absorption, Adsorption,
Condensation

Membrane Distillation Water purification and desalination Distillation

Figure 2-4 shows the filtration size spectrum and the applicable technologies. The figure extends
down through the atomic radius range which is applicable for all of the technologies in
Table 2-1, with the exception of micro-, nano- and ultrafiltration.
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Figure 2-4
The Filtration Spectrum
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2.3 End-of-Pipe Treatment Technologies

The most common end-of-pipe technologies are summarized in Figures 1-1 through 1-4. As
mentioned earlier, these logic diagrams fail to recommend electrotechnologies (except possibly
aerated lagoons). The technologies used in these diagrams are those most familiar and
comfortable to the environmental community.

Areas for the utility provider to promote electrotechnologies are those that start to bridge the gap
between end-of-pipe treatment and recycle, and those related to difficult mixed organic/inorganic
streams.

For the end-of-pipe treatment and recycle areas, the combination of RO and electrodialysis can
compete with thermal evaporation, and vacuum vapor compression evaporation can replace
thermal evaporation when high solids contents are involved (as zero discharge is approached).

For difficult mixed organic/inorganic streams, a dead-end is reached in the logic diagram
Figure 1-4. The company is “between a rock and a hard place.” If organics are the problem,
electrolytic modification or destruction of the organics could be the solution. When the
inorganics are the problem, various membrane processes may be the solution (using organic
resistant membranes and potting materials).

Additional end-of-pipe electrotechnologies that could be considered are discussed in the next
section.

2.3.1 Ozone

Ozone has been successfully used in commercial water cooling towers to replace chlorine and
chemical additives (for corrosion, biofouling, scale formation, etc.).

However, it has been difficult to make similar inroads in the chemical and petroleum industry,
due to different conditions. In these operations, cooling water temperatures go to over
130°F (54°C), which doesn’ t allow scale controlling chemicals to be removed, diminishing the
benefit. Also, the residence time in the cooling water loop is usually at least 15 minutes, which is
in excess of ozone decay times. An ozone system would require distributed entry ports to control
biofouling, which would decrease heat transfer rates, and shorten times between required heat
exchange cleanings.

Plant management has not been willing to go to such a complex system. In addition, plant
management has abdicated control of their cooling systems to the chemical additive vendors by
becoming dependent on their recommendations. Therefore, the outlook for ozone in this industry
is not promising. There have been some inquires relative to testing this technology in these
industries, so an opportunity for utility companies may still exist.
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2.3.2 Ultraviolet (UV)

Some interesting work has been done in this area, but system reliability (due to fouling of the
transparent surfaces) will continue to be an issue in these industries.

2.3.3 Plasma

Plasma furnaces are a competitor to conventional incineration. The emphasis here has been on
hazardous solids destruction. However, work has also been done on aqueous wastes. If aqueous
wastes are commercially processed via plasma, it will probably be done in conjunction with
destruction of hazardous liquid organic wastes and/or solid wastes. Under these conditions, the
following practices would apply.

Best Demonstrated Available Technologies (BDAT) are hazardous landfilling and incineration.
Hazardous landfilling costs in excess of $1000/ton (exclusive of transportation, RCRA
management costs, and potential intangible liability costs). Off-site incineration costs range from
$400 to $2000/ton (exclusive of transportation, RCRA management costs, and potential
intangible liability costs). Many factors are considered in arriving at the off site incineration
price including heating value, acid gas neutralization, NOX and SOX produced, volatile heavy
metal content, compatibility with other wastes (blendability), and special handling requirements.

For many hazardous wastes, EPA specifies incineration as BDAT. Plasma process are not only
equivalent to incineration because of the extremely high destruction and removal efficiencies
(DRE) achieved, but surpasses BDAT because they can recycle waste to commercial products,
namely syngas and/or glasseous product. The value of these products and the cost of landfilling
waste residuals from incineration are two factors that provide process cost advantage for plasma
technologies that can achieve sufficient run times.

Cost estimates in general for plasma technologies cover a broad range from $50 to $2,500 per
ton, depending on capacity, technology, and type of waste. Usually, cost estimates at early stages
of technology development tend to be highly inaccurate. The success of a technology will be
determined not only by performance, but also by its cost. The waste remediation and treatment
marketplace will ultimately determine the opportunity for plasma technology application.

Some specific cost estimates are as follows:

•  MGC Plasma Ltd and Retech Inc cost $1800 to $2450/ton at a 12 ton/day capacity and $760
to $980/ton at 26 tons/day.

•  Integrated Environmental Technologies (IET) costs $90/ton at 100 tons/day, $250/ton at
10 tons/day, and $480 to $600/ton at 2 tons per day.

IET’ s costs are acceptable for use at smaller scale waste producers. This process would allow on
site destruction, so a site could be converted from a RCRA to a non-RCRA site.

IET achieves lower costs by using a combination of plasma and joule (resistance) heating, plus
carbon electrodes. Carbon electrodes don’ t require water cooling like the conventional metal
electrodes, providing greater reliability (longer run times and less maintenance on the electrodes)
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and higher energy efficiency. For high hydrocarbon feeds, cogeneration or chemicals production
are possibilities. This area provides business opportunities for electric utilities to partner with
chemical companies in Trigeneration (combined production of electricity, steam, and chemicals).

The commercial status of IET’ s technology is as follows: (1) 1/2 ton/day existing demo unit for
testing, (2) 10 ton/day proof of scale up unit operational April 1999, and (3) 2 ton/day
commercial on site unit shipped to the customer in May 1999. Commercial scale units will
process 2 to 100 ton/day.

In addition, there are other competing technologies that should be considered, such as the
Westinghouse technology.

2.3.4 Biofiltration

Biofiltration is the use of a packed column (like a packed distillation column) to contact
wastewater counterflow with air in the presence of nutrients. It provides a very compact treating
unit. However, it is subject to upsets and biofouling. This is a compact version of a trickling filter
or fix film biotreater referred to in logic diagram Figure 1-3.

2.3.5 Other

The most common end-of-pipe technologies are summarized in Figures 1-1 through 1-4. While
the information presented doesn’ t include electrotechnologies, utility companies may want to
use this information to help their customers, to obtain the benefit of load retention.
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3 
OPPORTUNITIES FOR PROJECTS AT SPECIFIC SITES

3.1 Double Distillation Related to Butanol/Water Separation

A Texas chemical operation faces expensive double distillation and waste treatment problems
related to a butanol/water separation. This problem could be handled using World Wide Water
Systems, Inc.’ s large diameter hollow fiber membrane, perhaps paralleling the modular system
developed by MTR (successfully used at Perkin Elmer).

The chemical operation has a byproduct stream that can be from 30% to 80% butanol, plus
companion alcohols that have carbon numbers from C3 to C12. Using pervaporation, two splits
could be made with membranes in order to eliminate the two distillation steps currently
employed. Alternatively, the scheme could be membrane treatment, followed by distillation.

Concept Step Process Stream Content

1 Membrane H2O + C5 plus
C4 minus

Two Step Membrane

2 Membrane C4

C3 minus

1 Membrane H2 + C5 plus
C4 minus

Membrane and Distillation

2 Distillation C4

Other

Distillation may run 800 Btu/lb (1.9 MJ); membranes could run 200 Btu/lb Energy evaluation
will be a key part of the test.

3.2 International Chemical Company Wishes to Eliminate U.S. Deep Wells

A chemical company with many locations in the U.S. operates deep wells with trace organics in
the effluent. Literally millions of gallons are being sent downhole. A selective membrane process
could take out the organic matter (e.g. acrylonitrile) and allow the water to be reused and/or sent
to aerobic treatment or treatment by plant life. Another approach would be partial electrolytic
conversion to a biotreatable material. The company has a desire to eliminate deepwells as a
disposal method via edict and company policy.
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3.3 Separation of Organic Volatiles From Water

Tracking of chemicals can create a major cleanup problem. A certain chemical processor must
address the separation of organic volatiles from water prior to clean up. The use of membranes
offer an alternative in water clean up systems. This company operates a major facility where this
problem exists and would be open to installing a test package.

3.4 Multi-U.S.-Sited Petroleum Refiner Has a Major Problem in Louisiana

This facility faces a major clean up of its stormwater drainage system and its collection ponds
which are heavily laden with organic sludges in the presence of VOCs. Super critical water
oxidation is being considered to handle the sludge ponds. This is a possible opportunity to
promote freeze concentration technology.

3.5 Large Natural Gas Company Is Moving Into Water and Wastewater

Several of the projects in this company have potential. One project that may initiate is related to
the treatment of nonhazardous waste at a chemical company’ s WWT ponds. Tests in an oil-
water removal system are needed in lieu of centrifugation and filtering. Microwave emulsion
breaking may be applicable.

3.6 Multi-U.S.-Sited Petroleum Refiner Has a Major Problem in Texas

This plant is experiencing a serious problem with respect to the treatment of river water used in
the plant for cooling, process, and power purposes. The system to be tested at the facility is a
combination of pretreatment plus membrane. The total system will be utilized to:

•  Remove large particles

•  Remove hardness

•  Remove colloids

•  Remove turbid particulates

Pretreatment will use a special flocculent from Filter Flow Technologies Corporation, Clear
Lake, TX. Following treatment, further softening and cleanup will utilize a special spiral wound
allulasic membrane cartridge built to avoid scaling.

The system will utilize high-energy efficient, low-pressure pumps to save on both capital cost
and operating and maintenance costs. This same system has potential at two unrelated chemical
sites.
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3.7 Ethylene Glycol Tainted With Animal Fat

A company is currently sending thousands of gallons of ethylene glycol (tainted with animal fat)
to boilers and industrial furnaces (BIFs). A low fouling direct osmosis membrane system based
on separating these components by molecular size would give value-added and recycle potential
to both the fat and glycol.
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4 
OPPORTUNITIES FOR ELECTRIC UTILITIES AND
ENERGY SERVICE PROVIDERS

Generic business opportunities for utilities and energy service providers are summarized in this
section.

1. Water pinch represents a key way of both helping customers and increasing the use of
electrotechnologies. It is clear from published water management treatment technology
selection logic that there is a bias towards traditional non-electric approaches. The power of
water pinch is that it not only brings the utility companies into their customers’ plants, but it
also levels the playing field, since all viable technologies are usually examined in this
approach.

2. Educating customers relative to the benefits of some specific electrotechnologies, through
publications (such as this one) and workshops can remove some of the bias, as well as
uncover specific situations where utility providers can be of assistance to their customers.
Through water pinch studies, technology demonstrations at customer facilities, and as a
provider of business services, utility companies can provide additional value to their
customers.

3. For utilities that are interested, there is an opportunity to take over the operation of facilities’
water management as a business by itself, or in conjunction with operating all utility services.

4. The following existing and emerging technologies look promising and should be considered
for promotion (demo or other):

•  Vapor electric compression evaporation (480 kWh/1000 gal (3.8 m3)) which is currently a
major key for achieving zero discharge.

•  Freeze Concentration (375 kWh/1000 gal (3.8 m3) recovered) which has a niche market
fit for wastewater containing a mix of both hazardous volatile and hazardous non-volatile
material requiring destruction.

•  Direct Osmosis Concentration (almost 360 kWh/1000 gal (3.8 m3) recovered) which
should find smaller scale niche markets such a bio-sludge dewatering, due to its tolerance
for high solids loads.

•  A combination of reverse osmosis (20 to 30 kWh/1000 gal (3.8 m3) feed) and
electrodialysis (60 to 90 kWh/1000 gal feed) which should be able to compete with
thermal evaporators for water recovery.

•  Microfiltration and ultrafiltration (4 to 8 kWh/1000 gal(3.8 m3)) which is used for various
pretreatment and post treatment polishing steps.
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•  Advanced distillation which has a U.S. potential to reduce reboiler duties by about
0.5 × 1015 BTU/yr (5.3 × 1017 J/yr) and condenser cooling water duties by almost as much,
with a side effect potential to reduce evaporation losses from cooling water towers by
0.5 × 1012 pounds per year (0.2 × 1017 kg).

5. One emerging technology is singled out due to its great promise. That is the electrolytic
partial or complete oxidation of hydrocarbons (8.5 kWh/1000 gal (3.8 m3)) feed in one partial
oxidation, see Chapter 2 for more details). This technology is versatile and can potentially
solve a number of difficult problems. If there exists a difficult organic/inorganic mixture that
can’ t be economically handled with other approaches, just “zap” away all of the
hydrocarbons or change them to something that can be handled. If there is something in a
stream that makes it not amenable to biotreatment, just “zap” it to something that can be
biotreated. If hydrocarbons need to be removed to protect an evaporator from heat transfer
fouling or a membrane system from hydrocarbon induced damage, just “zap” away the
hydrocarbons to the PPB level.

6. Seven specific slipstream test opportunities are discussed in Chapter 3.
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5 
CONCLUSIONS

While electrotechnologies in general have not been given a fair hearing in the environmental
community, now is the time to start putting things right, since a number of factors beneficial to
electric options are falling into place.

The emerging shift from end-of-pipe to incorporating water minimization into the overall water
management picture is definitely favorable for electric options (illustrated by the move to
electrically intense vacuum vapor compression evaporation as a key component of the zero
discharge approach).

Also, the general increase in salt content of streams due to the increased use of recycle provides
an opportunity for membrane processes such as reverse osmosis combined with electrodialysis to
be considered for removal of salts, or an essentially forced complete jump to zero discharge, and
the use of electrically intense vacuum vapor compression evaporation.

The process industries are looking more closely at their water management costs and operations.
This provides opportunities for sophisticated electrotechnologies to help with difficult problems,
such as some mixed organic/inorganic contaminated streams, and possibly some unusual “at
source treatment or separation problems”, where unique characteristics of electrotechnologies,
and their small footprint, will give them advantages over traditional methods.

Also, the amount of difficult hazardous wastes that will need to be processed should increase as
companies start to discontinue the practice of deep welling.

In addition, advances in electrotechnologies, now should improve their chances. Membranes now
have longer run times, and there are new technologies (such as electrolytic oxidation of organics)
that can be used in conjunction with older technologies.

The bottom line of all of this is that utility customers are more frequently getting “between a
rock and a hard place” in the water management of difficult problems. These difficult problems
can get utilities in the door. Because electrotechnology options are more numerous and better
than they have been in the past, companies are more likely to find them to be an economical
solution.

Water Pinch can also help utilities get in the door, to achieve the above.

Utilities that choose to go into the business of performing water management for their power
customers have an even surer approach to seeing to it that electrotechnologies get a fair hearing.
At the same time, they can earn profits from the water management business.



Blank page



6-1

6 
REFERENCES

Applegate, L. E., “Membrane Separation Processes”, Chemical Engineering, June 1984.

Belhateche, D. H., “Choose Appropriate Wastewater Treatment Technologies”, Chemical
Engineering Progress, August 1995.

Byers, D. B., Doerr, W. W., Krishnan, R. and Peters, D., “How to Implement Industrial Water
Reuse: A Systematic Approach”, AIChE Center for Waste Reduction Technologies, 1995.

Canning, K., “Wastewater Treatment System Employs Innovative Separation Process”, Pollution
Engineering, July 1999.

Cox, G. and Baker, R., “Pervaporation”, Industrial Wastewater, Jan./Feb. 1998.

DeSilva, F., “Tips for Process Water Purification”, Chemical Engineering, August 1996.

EPRI “Produced Water in Crude Oil Recovery: Converting a Potential Environmental Problem
to a Valuable Water Resource”, TR-111494, 1998.

EPRI “Electrostatic Ozonation: Experimental Development Program”, TR-111681, 1998.

EPRI “Electrotechnologies for the Pharmaceutical Industry”, TC-110895, 1998.

EPRI “Electrolytic Processes: Present and Future Prospects”, TR-107022, 1997.

EPRI “Electro-Separations: A Survey and Energy Assessment”, TR-107795, 1997.

EPRI “Proceedings: Electroseparations 2020 Workshop”, TR-106434, 1997.

EPRI “Reverse Osmosis for Refinery Wastewater Treatment”, TA-108883, 1997.

ERRI “Industrial Wastewater Minimization”, TC-107624, 1996.

ERRI “Electroseparations: Survey and Assessment”, CR-1105712, 1995.

ERRI “Refinery Floride Waste Recovery Using Bipoler Membranes”, TA-105999, 1995.

ERRI “Electroseparation Processes”, TC-102616-V4P1, 1991.



References

6-2

ERRI “Separation and Concentration Technologies for Industrial Wastewater Treatment”, Final
Report, 1989.

ERRI “Commercialization Plan for Treatment of Industrial Wastewater Using Electroseparation
Technologies”, Final Report, 1989.

ERRI “Membrane Processes”, TC-102616-V1P2, 1988.

Hewing III, A. N. and Andrews, T., “Reducing Plating Line Metal Waste”, Pollution
Engineering, Nov. 1995.

Hodson, C. O., “Industrial Wastewater: No Room for Afterthoughts”, Pollution Engineering,
Oct. 1995.

Isaacs, M., Heywood, N., Blake, N. and Alderman, N., “Getting A Grip on Sludge”, Chemical
Engineering, Oct.1995.

Kilambi, S., “Reclaiming Metals and Organics From Industrial Wastewaters”, Pollution
Engineering, Aug. 1996.

Lien, L., “Using Membrane Technology to Minimize Wastewater”, Pollution Engineering, May
1998.

Vikas, R. D., Ramchandani, N., Tainsh, R. A. and Wasilewski, M., “Make Your Process Water
Pay for Itself”, Chemical Engineering, Jan. 1996.

Wolf, D., Suenkonis, C. and Dellicker, D., “Combining Treatment Technologies to Eliminate
Wastewater Discharge”, Pollution Engineering, Aug. 1998.

www.chemical processing.com “Filtration- The Crisis Continues”, Jan. 1999.

Zinkus, G. A., Byers, W. D. and Doerr, W. W., “Identify Appropriate Water Reclamation
Technologies”, Chemical Engineering Progress, May 1998.



A-1

A 
ABBREVIATIONS AND ACRONYMS



Abbreviations and Acronyms

A-2



B-1

B 
SELECTED INTERNET INFORMATION



Selected Internet Information

B-2



Selected Internet Information

B-3



Selected Internet Information

B-4



Selected Internet Information

B-5



Selected Internet Information

B-6



Selected Internet Information

B-7



Selected Internet Information

B-8



Selected Internet Information

B-9



Selected Internet Information

B-10



Selected Internet Information

B-11



Selected Internet Information

B-12



Selected Internet Information

B-13



Selected Internet Information

B-14



Selected Internet Information

B-15



Selected Internet Information

B-16



Selected Internet Information

B-17



Selected Internet Information

B-18



Selected Internet Information

B-19



Selected Internet Information

B-20



Selected Internet Information

B-21



Selected Internet Information

B-22



Selected Internet Information

B-23



Selected Internet Information

B-24



Selected Internet Information

B-25



Blank page



Blank page



Target:

Chemicals, Petroleum and Natural Gas

About EPRI

EPRI creates science and technology solutions for

the global energy and energy services industry. U.S.

electric utilities established the Electric Power

Research Institute in 1973 as a nonprofit research

consortium for the benefit of utility members, their

customers, and society. Now known simply as EPRI,

the company provides a wide range of innovative

products and services to more than 1000 energy-

related organizations in 40 countries. EPRI’s

multidisciplinary team of scientists and engineers

draws on a worldwide network of technical and

business expertise to help solve today’s toughest

energy and environmental problems.

EPRI. Powering Progress

EPRI • 3412 Hillview Avenue, Palo Alto, California  94304 • PO Box 10412, Palo Alto, California  94303 • USA
800.313.3774 • 650.855.2121 • askepri@epri.com • www.epri.com

© 1999 Electric Power Research Institute (EPRI), Inc. All rights
reserved. Electric Power Research Institute and EPRI are registered
service marks of the Electric Power Research Institute, Inc. EPRI.
POWERING PROGRESS is a service mark of the Electric Power
Research Institute, Inc.

Printed on recycled paper in the United States of America.

TR-114205


	1  INTRODUCTION
	1.1 U.S. Industrial Water and Wastewater Issues
	1.2 U.S. Chemical Industry Water and Wastewater Issues
	1.3 U.S. Petroleum Refining Industry Water and Wastewater Issues
	1.4 U.S. Oil & Gas Production Industry Water and Wastewater Issues
	1.5 Background
	Water Analysis Provides Good Start to Understanding
	What Industry Is Doing With Its Wastewater
	Why Industry Uses Current Wastewater Disposal Practices
	Rule-of-Thumb Treatment Selection Logic
	Alternative Technologies
	Electrolytic Complete or Partial Oxidation of Organics
	Ozone
	Reverse Osmosis Plus Electrodialysis
	Freeze Concentration

	Water Use Minimization Logic


	2  TECHNOLOGIES FOR PREVENTION/REDUCTION/TREATMENT
	2.1 Process Changes—Pollution Prevention by Source Reduction
	2.1.1 Advanced Reactors
	2.1.2 Water Pinch Analysis

	2.2 Recycle and Reuse—Reduction
	2.2.1 Water Pinch Analysis
	2.2.2 Thermal Evaporation
	2.2.3 Reverse Osmosis Plus Electrodialysis (35 to 55 kWh/1000 gal. (3.8 m3))
	2.2.4 Vapor Compression Evaporation (An Electrotechnology for Zero Discharge—480 kWh/1000 gal. (3.8 m3))
	2.2.5 Freeze Concentration of Hazardous Wastewater (300 kWh/1000 gal. (3.8 m3))
	2.2.6 Direct Osmosis Dewatering of Bio-Sludge (340 kWh/1000 gal. (3.8 m3))
	2.2.7 Electrolytic Destruction or Modification of Hydrocarbons (8.5 kWh/1000 gal. (3.8 m3) in One Modification Application)
	2.2.8 Microfiltration and Ultrafiltration (4 to 8 kWh/1000 gal. (3.8 m3))
	2.2.9 Other Membrane Processes

	2.3 End-of-Pipe Treatment Technologies
	2.3.1 Ozone
	2.3.2 Ultraviolet (UV)
	2.3.3 Plasma
	2.3.4 Biofiltration
	2.3.5 Other


	3  OPPORTUNITIES FOR PROJECTS AT SPECIFIC SITES
	3.1 Double Distillation Related to Butanol/Water Separation
	3.2 International Chemical Company Wishes to Eliminate U.S. Deep Wells
	3.3 Separation of Organic Volatiles From Water
	3.4 Multi-U.S.-Sited Petroleum Refiner Has a Major Problem in Louisiana
	3.5 Large Natural Gas Company Is Moving Into Water and Wastewater
	3.6 Multi-U.S.-Sited Petroleum Refiner Has a Major Problem in Texas
	3.7 Ethylene Glycol Tainted With Animal Fat

	4  OPPORTUNITIES FOR ELECTRIC UTILITIES AND ENERGY SERVICE PROVIDERS
	5  CONCLUSIONS
	6  REFERENCES
	A  ABBREVIATIONS AND ACRONYMS
	B  SELECTED INTERNET INFORMATION

